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Abstract 
Maintaining the balance between excitation and inhibition within neural circuits is crucial to 
healthy brain function. Glutamatergic inputs from the cortex and thalamus onto neurons in the 
striatum seem to play a central role in the development of goal-directed behaviors, including 
movement and cognition. However, the exact mechanisms through which glutamatergic inputs 
modulate striatal neurons’ output are still unknown. In this study, we performed in-depth 
electrophysiological and morphological assays in primary cultured mouse neurons to investigate 
the role of glutamatergic innervation in striatal GABAergic transmission. Using a two-neuron 
microcircuit culture model, in which each neuron forms synaptic connections onto itself (autapses) 
as well as onto the partner neuron (heterosynapses), we could study the interaction of only two 
neurons of known identity and tissue origin and assess the synaptic properties of all possible 
connections. By comparing the release characteristics of striatal GABAergic neurons partnered 
with either a cortical or thalamic glutamatergic neuron or with another striatal GABAergic neuron, 
we found that glutamatergic input of both origins enhances GABAergic synaptic transmission. In 
particular, cortical and thalamic innervation causes an increase in the strength of GABAergic 
responses on striatal neurons. However, increase in the number of readily releasable GABAergic 
synaptic vesicles and morphological synapses was only induced by cortical innervation. These 
alterations were contingent on action potential generation, glutamatergic synaptic transmission and 
BDNF secretion. As cortico-striatal and thalamo-striatal circuits are involved in several 
neurological diseases, such as Huntington’s disease and psychiatric disorders, our findings may 





Die Aufrechterhaltung des Gleichgewichts zwischen Erregung und Hemmung in neuronalen 
Schaltkreisen ist für eine gesunde Gehirnfunktion entscheidend. Kortikale und thalamische 
glutamaterge Innervation auf Neuronen im Striatum, scheinen eine zentrale Rolle bei der 
Entwicklung von zielgerichtetem Verhalten zu spielen. Die genauen Mechanismen, durch die 
glutamatergische Innervationen striatale Neuronen modulieren können, sind jedoch noch 
unbekannt. In dieser Studie werden detaillierte elektrophysiologische und morphologische 
Untersuchungen in primär kultivierten Mausneuronen durchgeführt, um die Rolle der 
glutamatergen Innervation bei der striatalen GABAergen Übertragung zu untersuchen. Mit Hilfe 
eines Zwei-Neuronen-Zellkulturmodells, bei dem jedes Neuron synaptische Verbindungen sowohl 
zu sich selbst (Autapsen) als auch zu einem Partner-Neuron (Heterosynapsen) eingeht, wurden die 
Beziehungen von nur zwei Neuronen mit bekannter Identität und Gewebsursprung untersucht, und 
die synaptische Eigenschaften aller auftretenden Verbindungen bewertet. Der Vergleich der 
Neurotransmitter Freisetzungseigenschaften von striatalen GABAergen Neuronen, die sich 
entweder mit einem kortikalen oder thalamischen glutamatergen Neuron oder mit einem anderen 
striatalen GABAergen Neuron entwickelt haben, zeigte, dass der glutamaterge Eingang beider 
Ursprünge die GABAerge synaptische Übertragung verbessert. Insbesondere die kortikale und 
thalamische Innervation bewirkt eine Erhöhung der Stärke der GABAergen Reaktion auf striatale 
Neuronen. Die Zunahme der Anzahl der leicht freisetzbaren GABAergen synaptischen Vesikel 
und der Anzahl von morphologischen Synapsen wurde jedoch nur durch kortikale Innervation 
induziert. Diese Änderungen waren abhängig von der Erzeugung des Aktionspotenzials, der 
glutamatergen synaptischen Übertragung und der BDNF-Sekretion. Da kortiko-striatale und 
thalamo-striatale Kreisläufe an mehreren neurologischen Erkrankungen wie Huntington-Krankheit 
und psychiatrischen Erkrankungen beteiligt sind, können unsere Erkenntnisse dazu beitragen, die 




Chemical synapses are the key connective elements in neuronal networks and are crucial for 
information processing and transmission. Neuronal circuits are composed of mainly excitatory 
glutamatergic and inhibitory GABAergic neurons, which communicate through synaptic 
connections. Balanced excitation and inhibition is a crucial feature of a healthy neural network 
(Chagnac-Amitai and Connors, 1989). In fact, disruption of the excitation/inhibition balance 
prevents normal neural circuit function (Ramamoorthi and Lin, 2011) and is hypothesized to be the 
root of many neurological disorders, including autism or Huntington’s disease (Graybiel, 2000; 
Nelson and Valakh, 2015). At first glance, one would think that a cell’s self-regulatory 
mechanisms are sufficient to control the process of neurotransmission and thus, the functional 
balance between excitatory and inhibitory synapses. However, accumulating evidence and studies 
have proven that the reality is more complicated than previously thought. Neurons interact with 
each other in networks and receive synaptic inputs in response to alterations in neuronal activity. 
Particularly vulnerable in this process are the GABAergic neurons (Hartman et al., 2006; Huang, 
2009). Inhibition via GABAergic synapses plays an instructional role at regulating the network 
excitability. Therefore, understanding the mechanisms underlying the regulation of both 
GABAergic synapse number and function is important for striving to restore balance in disrupted 
states. 
Neuronal activity is a strong candidate to regulate the formation and function of GABAergic 
synapses (Chattopadhyaya et al., 2004; Hartman et al., 2006). A number of studies have shown 
that chronic blockade of neuronal activity in dissociated cultures of neocortex, triggers a reduction 
in the amount of inhibition (Marty et al., 1996; Rutherford et al., 1997; Kilman et al., 2002). To 
add on, Hartman et al. (2006) showed that changes in the activity of individual hippocampal 
neurons are not sufficient to cause reduction of GABAergic synapses, whereas alterations in the 
levels of overall network activity promotes changes in GABAergic synapse density. Similarly, in 
slice cultures of cerebellum and hippocampus, activity blockade with TTX reversibly decreases 
GABA immunoreactivity and modulates the number of inhibitory synapses received by cultured 
Purkinje (Seil and Drake-Baumann, 1994, 2000) and hippocampal neurons (Marty et al., 2000). 
Altogether, these studies prove that neuronal activity is able to adjust the strength of synaptic 
inhibition, but the exact mechanism underlying these processes remain elusive. 
A potential signal linking activity to the modulation of synaptic inhibition is the 
neurotrophin, brain-derived neurotrophic factor (BDNF). BDNF is synthesized and released by 
pyramidal cells in an activity-dependent manner (Thoenen, 1995) and it has been suggested to 
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promote formation of GABAergic synapses in hippocampal and cortical cultures (Rutherford et al., 
1997; Vicario-abejo et al., 1998; Brünig et al., 2001). Specifically, by regulating neuronal 
morphology or stabilization of the cellular and molecular components that are responsible for 
neurotransmitter release, BDNF release leads to an increase in the number of functional inhibitory 
synapses (reviewed in Vicario-abejón et al., 2002). Previous studies in interneurons propose that 
BDNF not only functions as an activity-dependent, autocrine, retrograde messenger in excitatory 
cells, but also has paracrine action in interneurons (Marty et al., 1996). In this way, the levels of 
BDNF release from adjacent cells regulate hippocampal inhibition. Whether the same mechanism 
of activity-dependent BDNF release is responsible for modulation of inhibitory output in other 
populations of GABAergic neurons, such as projection neurons, as well as the exact sites of 
modification are still not defined.  
 
Figure 1. Schematic diagram (redrawn after Surmeier et al., 2007) showing anatomical connections of striatum in mouse 
brain. Abbreviations: GPe, globus pallidus external; GPi, globus pallidus internal; STN, subthalamic nucleus; SNC, 
substantia nigra pars compacta; SNR, substantia nigra pars reticulate. 
 
The striatum is an ideal model to investigate the formation and function of inhibitory 
synapses, since it is a structure rich in GABAergic neurons and, especially, projection neurons 
(Figure 1). Medium spiny neurons (MSNs) make up the principle population representing ∼95% 
of striatal neurons and are morphologically homogeneous. Based on their downstream projection 
targets and the type of dopamine receptor they express (D1 or D2), MSNs are classified into two 
major categories that control movement in opposing ways: the D1-MSNs of the direct pathway 
facilitate movement, and the D2-MSNs of the indirect pathway suppress movement (Albin et al., 
1989; Gerfen, 1992). Direct pathway MSNs send their axons to globus pallidus internal (GPi) and 
substantia nigra pars reticulata (SNR), while indirect pathway MSNs project first to globus pallidus 
external (GPe) and subthalamic nucleus (STN) (Albin et al., 1989; DeLong, 1990). Both types of 
MSNs receive massive excitatory input from glutamatergic neurons originating from neocortex or 
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specific thalamic nuclei (Kreitzer and Malenka, 2008). Cortical efferents form asymmetric 
synapses onto striatal dendritic spines and convey motor-related information (Gerfen, 1984; 
Wilson, 2014). In addition, thalamostriatal projections form synaptic contacts on the dendritic 
shafts of striatal MSNs and in this way impact the processing of functionally segregated 
information (Smith et al., 2004).  
Since striatal neurons are mainly GABAergic and their only source of excitation and BDNF comes 
from glutamatergic input, the latter might function as a possible component for shaping the output 
of striatal neurons. Chang et al. (2014) revealed that glutamatergic input in the hippocampus 
regulates inhibitory output of interneurons, through control of synaptic vesicle release efficiency 
and synapse formation. However, there has been no attempt to-date to directly explore how 
cortico- and thalamo-striatal pathways modulate striatal circuit activity. In vivo studies on 
intracellular recordings of behaving animals and striatal slices (Wilson, 1993; Ding et al., 2008) 
have shown that changes in cortical activity can be followed by shifts in striatal depolarization 
states in a stereotyped fashion (Stern et al., 1997). Although these studies provide significant 
knowledge, it is now accepted that to directly dissect the properties of cortico-striatal or thalamo-
striatal connections, in vitro dissociated cell culture systems that allow for the identification of 
single pairs and individual neuron inputs and outputs of striatal neurons are required (Randall et 
al., 2011). Recording pairs of connected neurons in a simplified system allows for the evaluation of 
the number of synaptic contacts involved in striatal transmission and identification of the synaptic 
properties of all the possible connections. Furthermore, distinct components of glutamatergic 
innervation, such as activity or release of brain derived neurotrophic factor (BDNF) can be 
explored separately in this configuration.  
 
1.1. Objectives of the project 
In the present thesis project, we examined the molecular mechanisms affecting formation and 
function of inhibitory synapses in striatal neurons in the presence of glutamatergic innervation. To 
achieve this, we used an in vitro dissociated two-neuron inter-regional microcircuit and carried out 
paired whole cell patch clamp recordings (455 pairs). To complement the findings of 
electrophysiological experiments, we also performed immunocytochemistry and quantified the 
number of inhibitory synapses in the two-neuron configuration (191 pairs). Frist, we explored 
whether the effects of cortico-striatal connections differ from those of thalamo-striatal. We found 
that either glutamatergic input onto striatal GABAergic neurons enhanced inhibitory synaptic 
transmission by regulating their output, but only the cortical partner was able to promote formation 
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of more synapses. Second, we examined the contribution of individual glutamatergic innervation 
components on GABAergic synapse formation and function (Hartman et al., 2006; Park and Poo, 
2013; Chang et al., 2014). In this respect, we i) investigated the role of activity and glutamatergic 
firing and ii) examined the effect of BDNF release from cortical neurons onto striatal GABAergic 
synapse function. We revealed that cortical-induced changes in striatal neuron output were 
dependent on action potential generation, glutamatergic synaptic transmission and BDNF 
secretion. Chronically blocking Trk receptors with an antagonist or blocking BDNF function with 
an anti-BDNF neutralization antibody resulted in a decrease of striatal synaptic output and synapse 
number. Together, our results provide novel insights into basal ganglia physiology and suggest that 
two-neuron in vitro microcircuits could be a powerful tool to explore synaptic mechanisms or 
disease pathophysiology. 
 
2. Materials and Methods 
2.1. Mice  
All experiments have been conducted in full compliance with the guidelines for animals handling 
and have been approved by the Animal Welfare Committee of Charité Medical University and the 
Berlin State Government Agency for Health and Social Services (License T0220/09). Newborn 
C57BLJ6/N mice at postnatal (P) day 0-2 of both sexes were used for all the experiments 
involving electrophysiological and morphological assays.  
 
2.2. Cell culture  
2.2.1 Two-neuron microcircuits 
To prepare the desired substrate for our neuronal cultures, 2 weeks before the neuronal preparation, 
sterilized and alkaline treated coverslips were coated with 0.15% agarose. Subsequently, coverslips 
were coated with a substrate mixture of 17 mM acetic acid, 4 mg/ml collagen and 0.5 mg/ml poly-
D-lysine using a custom rubber stamp and allowing astrocytes to grow only in dots 
(“microislands”). The resulted astrocytic microislands had a uniform diameter of 200µm. 
Astrocytes were derived from C57BL6/N mouse cortices (P0-1) after dissociation of the tissue and 
plated at a density of 50,000 cells per 35 mm.  
For neuronal cultures, preferred tissues (striatum, cortex or thalamus) were dissected in ice-
cold HBSS and were digested with 25 U/ml papain in DMEM (Worthington) at 37oC for 45 min. 
Following incubation, papain was inactivated by a pre-warmed solution of albumin, trypsin 
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inhibitor, and 5% fetal calf serum (FCS) for 5 min. The inactivation solution was then removed 
and Neurobasal-A (NBA) media containing B-27 supplement and Glutamax (Invitrogen), 50 
IU/ml penicillin and 50 μg/ml streptomycin, was added to the tissue that was triturated several 
times by repeated pipetting. Neurons were mechanically dissociated and plated on astrocytic 
islands in supplemented NBA media. For two-neuron heterotypic (cortico-striatal or thalamo-
striatal pairs) cultures, neurons were plated at 1:1 ratio and at a total density of 1x104 neurons per 
35 mm well. For control (homotypic; striatal-striatal) pairs, neurons were plated at final density 
5,000 cells per 35 mm. For autaptic cultures (single neuron per microisland), neurons were plated 
at density 4,000 cells per 35 mm. Under this conditions, neurons on isolated microislands formed 
recurrent synapses, also referred to as “autapses” (Bekkers and Stevens, 1991) and heterosynaptic 
connections with their partner. Neurons were incubated at 37 °C for 12–15 days to grow in 
supplemented NBA media, before initiating the experiments. 
 
2.2.2 Membrane dye labeling 
To identify the neurons’ region of origin in electrophysiological recordings, neurons from each 
brain region were labeled with different fluorescent membrane dyes (PKH26 red or PKH67 green), 
using a fluorescent cell linker kit for general membrane labeling (Sigma). According to the 
manufacturer's protocol, dissociated cells were centrifuged at 1700 rpm for 6 min. Supernatant was 
replaced with dye solution and cell pellet was suspended by gentle pipetting. Following 5 min 
incubation, staining reaction was halted by a pre-warmed solution of FCS for 1 min. Subsequently, 
the serum solution was removed and Neurobasal-A (NBA) media containing B-27 supplement and 
Glutamax (Invitrogen), 50 IU/ml penicillin and 50 μg/ml streptomycin was added to cells and 
resuspended by repeated pipetting. In the next step, neurons from different tissues (cortex, 
thalamus, striatum) were mixed in 1:1 ratio and seeded on astrocytic microislands. This procedure 
enabled identification of homotypic (striatal) and heterotypic (cortico- striatalor thalamo-striatal) 
pairs of known origin.  
 
2.2.3 Drug treatments 
To investigate the contribution of individual gluatamtergic innervation components on striatal 
GABAergic synapse formation and function, we treated cultures with the following drugs: i) 
human recombinant BDNF (50 ng/ml; Peprotech); ii) highly selective and reversible sodium 
channel blocker tetrodotoxin (0.5 μM TTX; Tocris Bioscience); iii) selective and competitive 
AMPA receptor antagonist 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (2 
μM NBQX; Tocris Bioscience) and NMDA receptor antagonist d-(-)-2-amino-5-
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phosphonopentanoic acid (100 μM APV; Tocris Bioscience); iv) non-selecitive protein kinase 
inhibitor K252a (200 nM; Tocris Bioscience) and v) BDNF neutralizing antibody α-BDNF (1:100; 
Millipore) at days in vitro (DIV) 3, 7, 11.  
 
2.3. Electrophysiology  
Synaptic function of autaptic striatal neurons or homotypic and heterotypic pairs was measured by 
whole-cell voltage-clamp recordings between days in vitro (DIV) 12–15. In paired recordings 
using our microisland culture system, one cell at a time was stimulated and synaptic responses in 
both cells were measured (Figure 2; detailed methodological scheme). Postsynaptic currents were 
recorded with the use of a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA) and 
Axon Digidata 1440A digitizer (Molecular Devices) under the control of Clampex 10.2 (Molecular 
Devices). Neurons were held at -70 mV (holding potential) and series resistance was compensated 
by 70%. Only cells with less than 12 MΩ series resistance were analyzed. Data were acquired 
using at 10 kHz and low-pass Bessel filtered at 3 kHz. All experiments were performed blinded, at 
room temperature (RT; 23–24°C) and data from at least three independent cultures were analyzed 
per experiment. To account for systematic errors, coverslips were always randomized to drug 
treatments in all experiments.  
During recordings, neurons were immersed in standard extracellular solution consisting of 
(in mM): 140 NaCl, 2.4 KCl, 10 HEPES, 10 glucose, 4 MgCl2, and 2 CaCl2. Borosilicate glass 
patch pipettes of 2-3.5 MΩ resistance were pulled with a multistep puller (P-87, Sutter 
Instruments) and filled with internal solution contained the following (in mM): 136 KCl, 17.8 
HEPES, 1 EGTA, 0.6 MgCl2, 4 ATP-Mg, 0.3 GTP-Na, 12 phosphocreatine, and 50 U/ml 
phosphocreatine kinase. Both solutions were adjusted to pH 7.4 with osmolarity at 300 mOsm. 
Action potential evoked postsynaptic currents (PSCs) were triggered by a 2 ms somatic 
depolarization from -70 mV (holding potential) to 0 mV. After stimulating neurons at 0.1 Hz in 
standard external solution, evoked excitatory or inhibitory postsynaptic currents (EPSCs or IPSCs, 
respectively) were measured. The excitatory or inhibitory identity of the neurons was verified by 
the kinetics of the evoked responses and AMPA receptor antagonist (3 µM 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX); Tocris Bioscience) or GABAA receptor 
antagonist (30 µM bicuculine; Tocris Bioscience). To determine the spontaneous release of 
GABAergic cells, miniature IPSCs (mIPSCs) were recorded at −70 mV in the presence of 
extracellular solution with NBQX and for a time period of 20–40 s. Analysis of mIPSC was 
performed using a template-based algorithm as implemented in Axograph X v1.6.4. Specifically, 
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data were filtered at 1kHz and the threshold for detection was set at three times the baseline SD 
from a template of 0.5 ms rise time and 18 ms decay time for GABAergic events. Membrane 
capacitance measurements were obtained from the membrane test function in pClamp (Molecular 
Devices). Readily releasable pool (RRP) size of striatal cells (GABAergic only) was assessed by 
measuring the charge transfer of the transient synaptic current induced by a 5 s application of 500 
mM hypertonic sucrose (Rosenmund et al., 1996) in standard extracellular solution supplemented 
with NBQX. Application of sucrose/NBQX solution resulted in a transient inward current 
(duration 2-3 s) that represent RRP release itself and a steady-state current that denotes the point 
when the rates of synaptic vesicle pool refilling and release are equal. In heterotypic pairs (Glu-
GABA), the output RRP was the sum of the autaptic and heterosynaptic transient RRP currents. 
Conversely, in striatal pairs, where the individual GABAergic RRP sucrose-induced currents 
cannot be distinguished, the total RRP was equally divided between the two neurons (Figure 2C). 
For estimating the number of RRP synaptic vesicles the sucrose charge was divided by the charge 
of the average miniature event of the same neuron. The release probability of a single synapse 
(Pvr) was determined dividing the input evoked response charge (autaptic and heterosynaptic 
connections ending at each postsynaptic neuron) by the RRP charge within a neuron. Finally, the 
paired-pulse ratio (PPR; response 2/ response 1) was calculated by evoking 2 responses with an 
inter-stimulus interval of 50 ms (Figure 2B).  
 
 
Figure 2: In voltage-clamp paired recordings, the induction of an action potential in a neuron results in postsynaptic 
response onto itself (autaptic response) and onto its partner neuron (heterosynaptic response). In microisland preparation, 
this leads to the stimulation of two out of four synapse formed. The other two synapses are stimulated when the second 
neuron gets an action potential. In these recording conditions one cell is stimulated consequently the other after 
approximately 500 ms. This stimulation pattern gets repeated five times for each pair. (A) Representative images of 
striatal and cortico-striatal pairs labeled with fluorescent membrane dyes. (B-C) Representative traces of paired whole-cell 
voltage-clamp recordings. (B) Evoked synaptic responses (EPSCs or IPSCs) after application of PPR (50ms ISI). (C) 
Readily releasable pool (RRP) size of striatal cells (GABAergic only) induced by 500 mM sucrose in standard 
extracellular solution supplemented with NBQX.  
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All analyses were performed in Axograph X (Axograph Scientific, Berkeley, CA), Excel 
(Microsoft, Redmond, WA) and Prism (GraphPad, La Jolla, CA). Neurons that showed zero 
miniature events (spontaneous) even during the application of hypertonic sucrose solution were 
excluded from our analysis. 
 
2.4. Immunocytochemistry  
At DIV12-15 (unless otherwise noted), coverslips with cultured neurons were washed with 
phosphate buffer saline (PBS) to remove any debris or dead cells and fixed in 4% w/v 
paraformaldehyde in PBS, pH 7.4 for 10 min at RT. Neurons were washed thrice with PBS for 10 
min each. Following permeabilization with PBS with 0.1% Tween (PBST) for 10 min and 
blocking with 5% v/v normal donkey serum (NDS) in PBST for 1 hr at RT, cells were incubated 
overnight at 4 0C with one of the following primary antibody dilutions: (i) mouse anti-VGAT 
(1:1000; Synaptic Systems, Germany), (ii) chicken anti-microtubule-associated protein 2 (MAP2) 
(1:2000; Millipore), (iii) guinea pig anti-VGLUT1 (1:4000; Synaptic Systems) and (iv) guinea pig 
anti-VGLUT2 (1:1000; Synaptic Systems). Coverslips were then washed three times with PBST 
for 15 min each. Secondary Alexa-Fluor (488, 555 or 647; 1:500; Jackson, West Groove, PA) 
labeled antibodies were then used for 1 hr at room temperature. As a last step, coverslips were 
washed twice with PBST and twice with PBS for 15 min each and then mounted on glass slides 
with Mowiol 40-88 (Sigma-Aldrich). 
 
2.5. Quantification of neuronal morphology  
Neuronal morphology was quantified using 16-bit images acquired from an Olympus IX81 
inverted epifluorescence microscope at 20x optical magnification (numerical aperture NA = 0.75) 
with a CCD camera (Princeton MicroMax; Roper Scientific, Trenton, NJ) and MetaMorph 
software (Molecular Devices). To control for systematic errors and increase statistical power, at 
least three independent cultures were imaged and analyzed for each experiment. During data 
acquisition, the investigator was blinded to experimental groups, coverslips were always 
randomized to drug treatments and images were acquired using equal exposure times.  
Soma size and dendritic length were quantified using MAP2 staining. For cell soma size 
estimation, the cross-sectional area across the MAP2-positive cell body was measured and for total 
dendrite length, quantification of all MAP2-positive processes with NeuronJ plugin (Meijering et 
al., 2004) was used. The total number of GABAergic synapses was estimated by manually 
counting the number of vesicular GABA transporter (VGAT) fluorescent puncta and for 
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glutamatergic synapses the number of vesicular glutamate transporter type 1, (VGLUT1; for 
cortex) or 2, (VGLUT2; thalamus) fluorescent puncta. After background subtraction with a rolling 
ball of a radius of 30 pixels and threshold adjustment, images were converted to binary using 
ImageJ plugin. Similarly to RRP, in heterotypic pairs the total number of VGAT puncta 
represented the synapses of the striatal partner, while in homotypic striatal pairs the total number 
of VGAT puncta was divided by half, assuming an equal number of synapses between the two 
striatal cells. Raw values were further analyzed in Prism (GraphPad, La Jolla, CA). 
 
2.6. Statistical Analysis  
To minimize culture-to-culture variability, data from at least three independent cultures were 
collected and an approximately equal number of neurons per experimental group was recorded on 
a given day. Prior to experimental design, sample size estimation was conducted for a statistical 
power of 0.8. Data are presented as mean ± SEM. The D’Agostino-Pearson test was run for the 
different variables to test for the normality of the data. In case of normally distributed data, 
statistical significance was assessed using Student’s t test for comparison of two independent 
groups and one-way ANOVA using Tukey HSD post-hoc test for three or more groups. When data 
were not normally distributed, Mann-Whitney U test and Kruskal-Wallis test (KW test) coupled 
with Dunn’s post hoc test, for comparison of two or more than two groups respectively, were 
performed. Statistical analysis was performed in GraphPad Prism v.7 software. * refers to p ≤ 0.05, 
** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.001. 
 
3. Results 
Here, I present the most significant and novel findings of my research. Further details can be found 
in Paraskevopoulou et al. 2019, Journal of Neuroscience (attached manuscript). 
 
In the following sections I will present the analysis of the total autaptic and heterosynaptic 
responses. Responses were analyzed as a sum: i) since sucrose application in homotypic pairs (i.e. 
GABA-GABA pairs) affects both types of synapses (Stevens 1996) and it does not allow to 
distinguish later for autaptic and heterosynaptic responses, ii) as it allows for the direct comparison 
between functional and morphological changes, given that our Immunostainings prevent the 
distinguish between autapses and heterosynapses and iii) to allow for direct comparison between 
the findings of our study and that of Chang et al. (2014). 
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3.1 Glutamatergic input from cortex and thalamus potentiates striatal GABAergic neurons’ 
synaptic transmission  
In a previous study of our lab, Chang et al., (2014) found that glutamatergic input caused 
hippocampal GABAergic interneuron to modify its output, increasing the number of synapses and 
the readily releasable vesicles and decreasing the synaptic release efficiency. In contrast 
glutamatergic neurons did not change their response in the presence of GABAergic neurons. These 
provide the necessary basis for the current project. Here, using the same two-neuron microcircuit 
culture, we examined whether a similar glutamatergic-induced modulation is also present at striatal 
GABAergic microcircuits. For this purpose, we compared GABAergic release characteristics 
between cortico-striatal (CS; Glu-GABA) or thalamo-striatal (TS; Glu-GABA) pairs and striatal-
striatal GABAergic (control; SS) pairs (Figure 3A-C). To confirm that all changes observed in 
striatal output are only induced by glutamatergic input and not by any other partner, we also used 
striatal autaptic neurons as a second control group and compared their electrophysiological 
properties to striatal homotypic pairs. Noting that in autaptic neurons the synaptic input of a neuron 
onto itself equals the synaptic output of this neuron. 
Using paired whole cell patch-clamp recordings in a voltage clamp configuration, we 
measured a number of different physiological parameters. Striatal neurons paired with either 
cortical or thalamic glutamatergic partner revealed an almost two-fold increase in the total (sum of 
autaptic and heterosynaptic responses; see Materials and Methods) evoked IPSC amplitude (CS: -
21.14±3.12 nA, n=29, p=0.006; TS: -19.13±3.29 nA, n=25, p=0.026, KW test) and total RRP 
charge (CS: -6.30±0.62 nC, n=27, p=0.002; TS: -7.61±0.91 nC, n=24, p=0.001, KW test) (Figure 
3D-H) compared to striatal control pairs (SS IPSC: -10.51±1.23 nA, n=60 and RRP: -3.77±0.30 
nC, n=54). In contrast to hippocampal findings, no differences were observed in Pvr or PPR 
measurements (SS: 13.66±1.24%, n=48; CS: 11.64±1.79%, n=27, p=0.625; TS: 14.07±1.76%, 




Figure 3. Striatal GABAergic output is potentiated by glutamatergic input. (A-C) Schematic diagram illustrating autaptic and 
heterosynaptic connections in striatal (GABAergic only; dark blue), cortico-striatal (glu-GABA; pink) and thalamo-striatal 
(glu-GABA; green) pairs. (D-J) Functional analysis of striatal autapses (light blue traces and dots), striatal pairs (blue traces 
and dark blue dots), cortico-striatal pairs (pink traces and dots) and thalamo-striatal pairs (green traces and dots). (D-F) 
Representative traces of GABAergic response to paired pulse stimulation with 50 ms inter-stimulus interval and to a 5 second 
pulse of 500 mM hypertonic sucrose solution (dark; autaptic, light; heterosynaptic). (G-J) Scatter plots showing total evoked 
IPSC amplitudes (G), RRP size (H), Pvr% (I) and PPR (J). Mean ± SEM. * refers to p ≤ 0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 
 
We next tested whether spontaneous release of striatal neurons was also affected by the 
presence of a glutamatergic partner. Pairing of striatal neurons with either cortical or thalamic 
glutamatergic neurons resulted in an increase of mIPSC amplitude (SS: -44.31±3.04 pA, n=42; CS: 
-74.24±7.07 pA, n=38, p=0.002; TS: -79.17±8.16 pA, n=32, p=0.001, KW test) (Figure 4A-D), 
and mIPSC charge (SS: -838.10±68.96 fC, n=42; CS: -1379±129.2 fC, n=38, p=0.004; TS: -
1454±172.5 fC, n=32, p=0.01, KW test), compared to control striatal pairs, demonstrating that 
glutamatergic input strengthens striatal inhibition to itself and to the glutamatergic partner neuron 
(Figure 4E). Conversely, the frequencies of inhibitory miniature events were comparable among 
groups (SS: 2.15±0.26 Hz, n=42; CS: 1.70±0.35 Hz, n=41, p=0.121; TS: 2.54±0.47 Hz, n=36, 
p>0.999, KW test), suggesting no change in presynaptic release (Figure 4F). To further investigate 
whether the increased inhibitory transmission we observed in heterotypic pairs, is due to the higher 
number of fusion competent synaptic vesicles (RRP vesicles), we calculated RRP vesicles by 
dividing the total output RRP charge by the average charge of the miniature events from the same 
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neuron. Interestingly, we found that only in the case of cortical partner, the number of vesicles 
released from the striatal neuron was increased (SS: 4445±362, n=35; CS: 8498±1700, n=16, 
p=0.04; TS: 5197±990, n=14, p>0.999, KW test) (Figure 4G). This suggests a differential role 
between cortical and thalamic input; in which cortico-striatal projections promote inhibitory 
transmission by affecting striatal postsynaptic sensitivity to GABA release and the number of RRP 
vesicles, whereas thalamo-striatal projections increase striatal GABAergic output by only causing 
a postsynaptic change, as supported by the alteration in mIPSC size. 
 
Figure 4. Distinct cortical- and thalamic-induced mechanisms for the modulation of striatal output. (A-C) Representative 
traces showing miniature postsynaptic current activity of striatal neurons in striatal pairs (blue), cortico-striatal (pink) and 
thalamo-striatal (glu-GABA; green) pairs (dark; autaptic, light; heterosynaptic). (D-G) Scatter plots showing mean mIPSC 
amplitudes (D), charge (E), frequency (F), and RRP vesicles number (G). Mean ± SEM. ns refers to not significant, * p ≤ 
0.05, ** p ≤ 0.01 and *** p ≤ 0.001. 
 
3.2 Cortical input promotes synapse formation in striatal GABAergic neurons  
The cortical-induced increase in the number of RRP vesicles measured with the 
electrophysiological recordings could either reflect a higher number of vesicles per synapse or the 
formation of more synapses. To distinguish between these two possibilities, we analyzed the 
morphology of striatal neurons among groups and quantified the number of VGAT puncta; a 
marker of presynaptic inhibitory synapses. Our findings showed that although the number of 
inhibitory synapses in cortico-striatal pairs was increased, there was no change in the number of 
GABAergic synapses in thalamo-striatal pairs, compared to control striatal pairs or autapses (SS: 
174.8±17.48, n=23; CS: 326.3±41.52, n=21, p=0.009; TS: 175.4±17.72, n=26, p>0.999, KW test) 
(Figure 5A-B). This result was consistent with our electrophysiological findings that revealed a 
higher number of RRP vesicles only in presence of cortical partner and verified our assumption 
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that this was caused by an increase in the number of inhibitory synaptic contacts. Furthermore, 
when we assessed the number of glutamatergic synapses by counting VGLUT1 for cortical and 
VGLUT2 for thalamic synapses, we found a higher number of glutamatergic synapses of cortical 
neurons over striatal cells (CS: 312.2±38.7, n=23; TS: 118.2±15.5, n=25, p<0.0001, Mann-
Whitney test) (Figure 5C). Therefore, our results suggest that the difference in striatal output 
modulation by cortical and thalamic partners is due to the magnitude of glutamatergic input. This 
result was further supported by our electrophysiological measurements in heterotypic pairs, in 
which cortical evoked release was double compared to thalamic (EPSC CS: -9.78±1.53 nA, n=30; 
TS: -4.72±0.95 nA, n=25, p=0.006, Mann-Whitney test).  
 
Figure 5. Cortical input increases the number of GABAergic synapses in striatal neurons. (A-B) Morphological analysis of 
striatal autapses (light blue dots), striatal pairs (dark blue dots), cortico-striatal pairs (pink dots) and thalamo-striatal pairs 
(green dots). (A) Representative images of neuronal morphology showing immunoreactivity for MAP2, VGAT and VGLUT1 
or VGLUT2. (B-C) Scatter plots showing number of VGAT synapses per neuron (B) and VGLUT1 (in cortico-striatal pairs) 
or VGLUT2 (in thalamo-striatal pairs) synapses per neuron (C). Mean ± SEM. ns refers to not significant, ** p ≤ 0.01 and 
**** p ≤ 0.0001. 
 
3.3 Neuronal activity and glutamatergic firing is required for inhibitory synapse formation 
in cortico-striatal pairs 
To better understand the putative mechanisms in regulating inhibitory synapse formation, we 
focused on the factors that could be responsible for the changes induced in the striatal neurons in 
the case of the cortico-striatal pairs. We have shown that cortical input potentiated inhibitory 
transmission of striatal neurons in vitro. Given that neuronal activity has been shown to shape the 
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striatal output (Stern et al., 1997) and that the only source of excitation onto striatal neurons comes 
from the glutamatergic innervation, we chronically blocked action potential firing with TTX (0.5 
µM) or glutamate receptor signaling with a cocktail of NBQX (2 µM) /APV (100 µM) antagonists. 
Drugs were always applied to the culture media at DIV 3, 7, 11 and neurons were recorded 
between DIV 12-15.  
Upon treatment with TTX, IPSC amplitude in cortico-striatal pairs was reduced by 59% (CS: 
-17.93±1.87 nA, n=37; CS+TTX: -7.34±1.25 nA, n=21, p=0.005, KW test) and RRP by 42% (CS: 
-6.75±0.67 nC, n=37; CS+TTX: -3.88±0.66 nC, n=20, p=0.05, KW test), compared to untreated 
cortico-striatal pairs (Figure 6A-B). Likewise, blockade of glutamate receptors in cortico-striatal 
pairs caused a 58% reduction in IPSC (CS+NBQX/APV: -7.50±0.89 nA, n=18, p=0.041, KW test) 
and 50% decrease in RRP (CS+NBQX/APV: -3.39±0.58 nC, n=19, p=0.008, KW test), compared 
to untreated cortico-striatal pairs (Figure 6A-B). In regards to striatal spontaneous release and the 
number of RRP vesicles released, we observed that in heterotypic pairs, upon treatment with either 
antagonist (TTX or NBQX/APV), both physiological parameters were reduced back to the levels 
of control striatal pairs (mIPSC amplitude SS: -55.15±4.28, n=47; CS: -77.56±4.51 pA, n=69; 
CS+TTX: -50.61±4.23 pA, n=34, p=0.001; CS+NBQX/APV: -54.62±5.15 pA, n=29, p=0.028, 
KW test and RRP vesicles SS: 2740±450.7, n=34; CS: 5988±716.1, n=35; CS+TTX: 2963±451.9, 
n=19, p=0.187; CS+NBQX/APV: 2837±388.6, n=19, p=0.144, KW test) (Figure 6C,D). Striatal 
homotypic pairs did not show any changes in their synaptic output upon application of any drug, 
indicating that action potential generation and activation of glutamate signaling on them is cortical 
input-specific (Figure 6A-D). In all experimental conditions, Pvr or PPR remained unchanged. 
Together, these findings illustrate the significance of cortical activity in the modulation of striatal 
synaptic output. 
 
Figure 6. Activity modulates GABAergic synapse output in cortico-striatal pairs. (A-F) Functional analysis of striatal pairs 
(blue color scale dots), cortico-striatal pairs (red color scale dots). Scatter plots showing total evoked IPSC amplitudes (A), 
RRP size (B), mIPSC amplitudes (C) and RRP vesicles number (D). Mean ± SEM. * indicates p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 
0.001 and **** p ≤ 0.0001.  
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3.4 Activity-dependent BDNF release promotes GABAergic synapse formation and 
function in cortico-striatal pairs 
BDNF is an activity-dependent gene, crucial for the regulation of GABAergic synapse formation 
and function (Park and Poo, 2013). Although Bdnf is not expressed in the striatum, BDNF protein 
is already present in this region at E16.5. Thus, recent studies argue that cortex and thalamus are 
the main sources of BDNF release onto the striatal neurons (Baydyuk and Xu, 2014). To assess if 
BDNF release by cortical neurons is the signal linking the activity to the regulation of inhibitory 
synapse formation, we disrupted the BDNF-TrkB receptor signaling pathway with the use of Trk 
inhibitor K252a (200 µM; at DIV3, 7, 11). 
Incubation of cortico-striatal pairs with K252a prevented the cortical-induced increase in 
both physiological and morphological phenotypes (Figure 7). We found that chronic treatment 
with K252a inhibitor reduced evoked IPSC amplitude and RRP size in cortico-striatal pairs, 
compared to untreated heterotypic pairs (IPSC SS: -5.21±0.89 nA, n=44; CS: -10.38±1.23 nA, 
n=54, p=0.007; CS+K252a: -7.73±1.47 nA, n=32, p=0.042, KW test and RRP SS: -2.29±0.26 nC, 
n=37; CS: -4.58±0.37 nC, n=49, p<0.0001; CS+K252a: -2.74±0.38 nC, n=31, p=0.003, KW test) 
(Figure 7A,B). Similar results were observed for mIPSC amplitude (SS: -42.96±2.58 pA, n=40; 
CS: -66.59±4.64 pA, n=63, p=0.013; CS+K252a: -46.82±3.55 pA, n=58, p=0.009, KW test) and 
the number of RRP vesicles (SS: 3364±452.8, n=33; CS: 5846±605.6, n=49, p=0.013; CS+K252a: 
4136±724.9, n=30, p=0.067, KW test) (Figure 7C,D). Importantly, cortical-effect specificity to 
BDNF-TrkB signaling was verified by the absence of K252a effect in striatal pairs. The same 
findings were also confirmed by morphological analysis of synapses in cortico-striatal pairs. In 
particular, it was revealed that blockade of TrkB receptors negated the formation of functional 
inhibitory synapses (CS: 498.5±63.2, n=32; CS+K252a: 269.3±30.89, n=29, p=0.048, KW test), as 
well as reduced the total number of glutamatergic synapses formed by the cortical neurons (CS: 
570.6±52.46, n=35; CS+K252a: 377.5±45.63, n=27, p=0.03, KW test) (Figure 7E-G). 
As an additional control experiment, to further investigate the BDNF-mediated GABAergic 
synapse formation, we blocked BDNF function by treating cortico-striatal pairs with an anti-BDNF 
neutralizing antibody (10 ng/ml; at DIV3, 7, 11). The comparison between treated and untreated 
heterotypic pairs revealed that BDNF neutralization also prevented the formation of inhibitory 
synapses (CS: 498.5±63.2, n=32; CS+anti-BDNF: 197.7±22.99, n=33, p<0.0001, KW test) and 
reduced the total number of glutamatergic synapses formed by the cortical neurons (CS: 
570.6±52.46, n=35; CS+anti-BDNF: 314.8±29.01, n=33, p=0.001, KW test) (Figure 7E-G). 
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Overall, these observations emphasized the impact of activity-dependent BDNF release onto 
striatal synapses formation and function. 
 
Figure 7. BDNF release modulates GABAergic synapse output and synapse number in cortico-striatal pairs. (A-D) Functional 
analysis of striatal pairs (untreated; dark blue, Trk-antagonist treated; purple), cortico-striatal pairs (untreated; pink, Trk-
antagonist treated; brown). Scatter plots showing mean evoked IPSC amplitudes (A), RRP size (B), mIPSC amplitudes (C) 
and RRP vesicles number (D). (E) Representative images of neuronal morphology showing immunoreactivity for MAP2, 
VGAT and VGLUT1. (F-G) Scatter plots showing the number of VGAT synapses per neuron (F), the number of VGLUT1 
synapses per neuron (G). Mean ± SEM. * indicates p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and **** p ≤ 0.0001. 
 
4. Discussion 
How glutamatergic input shapes striatal output remains an open question. Although, previous 
studies have focused on quantifying glutamatergic-induced morphological changes in striatum 
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(Segal et al., 2003; Kaufman et al., 2012), we still know little about glutamatergic input effect on 
striatal excitability. This is hindered by the technical challenges that emerge due to the long 
distances of inter-regional connections and the divergent connections of striatal neurons with their 
targeted areas. Our research emphasizes the power of an in vitro approach to study the functional 
properties of neuronal connections that are formed between two distant brain regions in vivo. Here, 
we used a two-neuron in vitro dissociated culture system to distinguish the functional properties of 
cortico-striatal and thalamo-striatal connections and separately assess their impact on striatal 
neuron physiology and morphology. In fact, in our model, the target neurons are the same with 
the input neurons because of the connectivity pattern of the system. Although, this may seem a 
weakness of the system, we argue that in the present study these interactions are one of its main 
advantages. In our approach, neurons form tiny circuits and at the same time the input and the 
output of each neuron are not distributed to a heterogeneous population of cells. These allow us 
to study their responses more accurately. Furthermore, using pharmacological approaches we 
isolated the contribution of individual glutamatergic input components and gained insight into the 
underlying mechanisms that drive glutamatergic-induced changes in striatal neurons. Our findings 
indicated that glutamatergic input from cortex and thalamus modulates striatal GABAergic neuron 
synaptic transmission by potentiating their output. Striatal output potentiation was mediated by two 
separate mechanisms. The first one involved an increase in the strength of striatal inhibition and 
was observed in both cortico-striatal and thalamo-striatal connections, while the second 
mechanism was unique for cortico-striatal connections and involved an increased inhibitory 
synapse formation. Cortical-induced potentiation of striatal GABAergic neurons required 
glutamatergic firing, postsynaptic glutamate receptor activation and activity dependent BDNF 
release. To the best of our knowledge, this is the first study that quantifies the functional synaptic 
output from striatal GABAergic neurons innervated by a glutamatergic partner. Together, our 
findings indicate that both neuronal activity and BDNF release from cortical neurons work in 
concert to regulate multiple aspects of striatal GABAergic function.  
 
4.1. Cortical and thalamic glutamatergic neurons potentiate striatal GABAergic output in 
distinct ways 
Glutamatergic inputs from cortical and thalamic regions are known to project to striatum, inducing 
MSNs firing. Studies in brain slices showed that despite their common glutamatergic phenotype, 
cortical and thalamic synapses differ in their properties and the way they determine striatal output 
(Ding et al., 2008; Doig et al., 2010). At presynaptic terminals, cortico-striatal synapses display 
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paired-pulse facilitation due to a low quantal release probability, whereas thalamo-striatal synapses 
reveal synaptic depression and high release efficiency. Although such studies explored the 
distinctive properties of cortico-striatal and thalamo-striatal synapses, a clear explanation of how 
the different inputs influence MSN excitability is still missing. To fill this knowledge gap, here we 
used membrane dye labeling of neurons from the specific brain regions and two-neuron 
microcircuits, to directly assess and quantify the interaction between excitatory projections and the 
principal neurons of striatum. Our results indicated for the first time that both cortical and thalamic 
projections doubled the evoked inhibitory postsynaptic response and RRP size of their striatal 
counterparts (Figure 3G,H). For both partners, this potentiation was attributed to an increased 
strength of individual striatal synapses (Figure 4D). In addition to that, cortico-striatal projections 
caused an increase in the number of GABAergic synapses (Figure 5B). This differential effect of 
cortical versus thalamic innervation most likely originates from the higher synaptic strength that 
cortical projections revealed compared to thalamic ones. In vivo studies have indeed shown that 
synapses from cortex are denser and control the activity patterns of MSNs though the transition 
from a hyperpolarized (non active) to depolarized state (Wilson, 1993; Ingham et al., 1998), 
whereas thalamic synapses are less profuse and give rise to a rather sparse population of terminals 
(Bevan et al., 1995; Smith et al., 2004). In agreement with these observations, we revealed that the 
number of excitatory synapses in cortico-striatal pairs was higher compared to thalamo-striatal 
pairs (Figure 5C). This resulted in a stronger modulation of striatal cells by cortical neurons, and 
the formation of more functional inhibitory synapses (Figure 5B). At the network level, striatal 
neurons communicate with each other via local axon collaterals, forming recurrent inhibitory 
synaptic contacts (Taverna et al., 2008). It is likely that the distinct functional properties of cortico-
striatal and thalamo-striatal synapses differentially affect MSNs communication and thus serve as 
modulators of different brain functions.  
 
4.2. Cortical-induced potentiation of striatal GABAergic output requires neuronal activity 
and activity-dependent BDNF release 
Previous in vitro studies in hippocampus have revealed that GABAergic synapse formation is 
activity-mediated (Marty et al., 1996; Hartman et al., 2006; Chang et al., 2014). Additionally, 
Segal et al. (2003) showed that in cortico-striatal embryonic co-cultures the presence of TTX in 
growth media prevented the increase in the density of striatal spines caused by cortical input. To 
determine whether the level of glutamatergic neuron activity modulates the striatal GABAergic 
output, we conducted electrophysiological recordings in striatal and cortico-striatal pairs. Our 
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findings indicated that blockade of action potential generation with TTX reduced both striatal 
inhibitory response and RRP size, compared to untreated cortico-striatal pairs (Figure 6A,B).  
To investigate the signals that trigger the change in striatal GABAergic synaptogenesis and 
identify the pathways involved, we followed a two-fold approach. First, we chronically treated 
cortico-striatal pairs with glutamate receptors antagonists (NBQX and APV). The comparison 
between treated and untreated heterotypic pairs showed a significant reduction of striatal inhibitory 
transmission in the former, suggesting that glutamate signaling is required for the modulation of 
striatal neurons’ synapse formation and maintenance by cortical input (Figure 6A-D). Second, we 
explored the involvement of BDNF-TrkB pathway in cortical-induced striatal synapse formation 
and function. Traditionally, it has been suggested that neurotrophins, and particularly BDNF 
secretion, is the signal responsible for linking activity to the regulation of glutamatergic-induced 
synapse formation in GABAergic cells (Huang et al., 1999; Hong et al., 2008; Park and Poo, 
2013). Multiple lines of evidence show that deletion of BDNF during development leads to 
decreased survival of MSNs and reduced dendritic arborization in the surviving MSNs (Baquet, 
2004; Rauskolb et al., 2010; Baydyuk et al., 2011; Cazorla et al., 2014). Likewise, in vitro 
application of BDNF to striatal culture significantly enhances cellular growth and dendritic 
arborization (Rauskolb et al., 2010; Penrod et al., 2015; Paraskevopoulou et al., 2019). However, 
despite the marked progress that has been made in understanding the effect of BDNF in striatal 
neuron morphology and survival, little is known about the impact of BDNF on striatal physiology. 
Given that cortical input is the major source of BDNF release onto the striatal neurons (Baydyuk 
and Xu, 2014), we assessed the effect of BDNF on striatal output in paired neurons. Our 
experiment showed that blockage of BDNF-TrkB pathway by Trk antagonist K252a prevented 
cortical-induced changes in striatal neurons’ physiology and morphology (Figure 7). To further 
support the regulatory role of BDNF signaling in striatal neurons’ synapse formation, we blocked 
BDNF function using an anti-BDNF neutralizing antibody and found that increase in the number 
of inhibitory synapses by cortical input was mediated by BDNF release (Figure 7E,G). Together, 
our results illustrate that BDNF-TrkB signaling pathway is essential for linking activity to 
GABAergic synapse formation.  
 
5. Conclusions 
Understanding how cortical and thalamic inputs refine striatal output represents an important next 
step towards dissecting basal ganglia activity in both physiological and pathological conditions. 
From this point of view, using a two-neuron microcircuit culture model, our study provides new 
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insights into the properties of connections made between two distant brain regions and explains the 
contribution of individual glutamatergic input components into the underlying mechanisms that 
drive glutamatergic-induced changes in striatal neurons. Glutamatergic innervation enhanced 
striatal GABAergic inhibition, by increasing evoked response and vesicle pool size without 
affecting the release probability of individual synapses. In particular, a differential effect of 
thalamic and cortical innervation onto striatal GABAergic neurons output was revealed, where 
GABAergic synapse formation was promoted only from cortical partner. Furthermore, we showed 
that neuronal activity and activity-dependent BDNF release were responsible for the increased 
striatal inhibition in cortico-striatal connections, pointing their synergetic role in synapse 
formation. Nowadays that an increasing number of studies suggest that basal ganglia circuit 
dysfunction is a causative factor for the development of movement abnormalities in neurological 
diseases, including Huntington’s disease (Cepeda et al., 2003) and Tourette and Parkinson’s 
syndromes (Henderson et al., 2000; Kalanithi et al., 2005; Smith et al., 2009; Pappas et al., 2014), 
our two-neuron microcircuit model could be a valuable tool for studying synaptic properties of 
such disease models in cellular context. 
 
6. Outlook 
In this study, we have identified fundamental mechanisms of the striatal GABAergic neuron’s 
output modulation by glutamatergic input under basal conditions. In our ongoing experiments, we 
intend to extend these findings to pathological conditions and investigate the underlying 
transcriptional changes occurring in striatal neurons upon glutamatergic innervation. 
Neuropsychiatric disorders such as autism spectrum disorders (ASD), including Rett syndrome 
(Shepherd and Katz, 2011) and neurological disorders such as Huntington’s disease (Cepeda et al., 
2003; Deng et al., 2014) are associated with cortico-striatal and thalamo-striatal circuits 
misbalance. Particularly, Rett syndrome is a neurodevelopmental disorder (6-18 months of age) 
caused by mutations in the methyl-CpG-binding protein 2 (MECP2) gene and, among other 
symptoms, affected individuals show motor deficits (Hagberg et al., 1983). Mecp2-based mouse 
models of Rett syndrome reveal reduced levels of BDNF expression in the cortex, impaired 
synaptic output and synapse formation in cortical glutamatergic neurons, and decreased GABA 
synthesis in striatal GABAergic neurons (Chang et al., 2006; Chao et al., 2007, 2010). On the other 
hand, Huntington’s disease (HD) is a progressive neurodegenerative disorder characterized by 
motor, cognitive and psychiatric symptomatology (Vonsattel and DiFiglia, 1998). The disease is 
caused by a mutation in Huntingtin (HTT) gene resulting in a neuronal degeneration mainly in 
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striatum and cortex (Heinsen et al., 1994). The two long-standing hypotheses for the development 
of the symptoms and the synaptic dysfunction in cortico-striatal pathway are the dysregulation of 
glutamate release and/or the deprivation of BDNF (Zuccato et al., 2001; Cepeda et al., 2007). On 
the basis of these findings that motor deficits, caused by MeCP2 deficiency or HTT mutation, are 
associated with a cortico-striatal dysfunction, our two-neuron microcircuit cell culture system is at 
present the most efficient method to study the interaction of cortical glutamatergic and striatal 
GABAergic neurons in RTT or HD and identify the pathogenic mechanisms of these diseases 
(Paraskevopoulou unpublished data). 
Another important set of experiments for the comprehensive understanding of synaptic 
dysfunction in disease involves the advanced knowledge of gene expression of individual cells. In 
basal ganglia circuits, the pattern of connectivity between neurons determines the degree of 
activation of striatal projection neurons and, as such, shapes their transcriptional profile that in turn 
is bound to change their synaptic output. Identifying which genes are affected upon glutamatergic 
innervation and how they control the functional properties of neurons (i.e. synapse number, release 
probability) will help us understand the causal mechanistic pathways and identify potential 
treatments for brain-related diseases. During my PhD, I identified a number of these genes for HD 
using single-cell RNA-Seq (Patch-seq; Cadwell et al., 2016; Paraskevopoulou et al., In 
preparation). Additionally, using the novel Drop-seq technology I examined how MeCP2 
deficiency affects the transcriptional profile of excitatory and inhibitory neurons and how these 
changes in gene expression are dependent on the BDNF-TrkB pathway (Paraskevopoulou et al., In 
preparation). Overall, our two-neurons system provides a highly controlled environment, in which 
we elicit cortico-striatal neurons interaction, and an ability to assess the details of this process -
from physiological to transcriptional changes- at a single-cell level.  
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signaling.  Additionally,  a  differential  effect  of  cortical  and  thalamic  innervation  onto    
striatal  GABAergic  neurons  output  was  revealed.  We  observed  that  cortical,  but  not    
thalamic  input,  enhanced  the  number  of  releasable  GABAergic  synaptic  vesicles  and    




involve  glutamate  receptor  activation  in  striatal  neurons,  as  well  as  BDNF  signaling.    
Understanding how cortical and thalamic  inputs refine  striatal output will pave  the way    


















shown to be  required  for the glutamatergic-induced phenotype.  Investigation, therefore,    








The  striatum  is  a  unique  structure  containing  a  high  density  of  GABAergic    
projection neurons. It serves as the primary gateway for glutamatergic input to the basal    
ganglia, and its inhibitory output is associated primarily with motor function (Albin et al.,    
1989; DeLong, 1990). Based on previous  in vivo  studies, ∼95% of striatal neurons  are    
spiny  (medium  spiny  neurons;  MSNs)  and  interconnected  by  local  recurrent  axon    
collateral synapses (Czubayko and Plenz, 2002; Tunstall et al., 2002). The MSNs project    
within  basal  ganglia  networks,  such  as  globus  pallidus,  and  substantia  nigra,  through    
direct and  indirect  output pathways  (Albin et al.,  1989; Gerfen,  1992).  In  recent  years,    
much  attention  has  been  drawn  toward  unveiling  the  role  of  striatal  projection  neuron    
output  in  movement  (Cui  et  al.,  2013;  Oldenburg  and  Sabatini,  2015; Rothwell  et  al.,    
2015),  but  despite  the  advances  in  our  understanding  of  basal  ganglia  circuitry,    
mechanisms controlling striatal output, particularly at the  level of synaptic strength, are    
still far from clear.     
One  possible  component  for  shaping  the  output  of  striatal  neuron  synapses  is  the    
glutamatergic input onto the neurons themselves. Glutamatergic innervation into striatum    
mainly  originates  from cerebral  cortex  (Kemp and  Powell, 1970; McGeorge  and Faull,    
1989) and thalamus (Groenewegen and Berendse, 1994; Salin and Kachidian, 1998). In    
particular,  motor  cortex  gives  rise  to  massive  excitatory  projections  that  end  at  the    
striatum and provide the striatum with information necessary to control motor behavior    
(Gerfen, 1992; Wilson, 2014). In parallel, thalamic nuclei projections target sensorimotor    





excitation  to  target GABAergic neurons, but  also modulates  the size  of  their  inhibitory    
output, particularly  in  interneurons  through control of  synapse  formation  (Chang et al.,     
2014). If such modulation is also present at striatal GABAergic neurons, it could have the     
potential  to  affect  the  balance  of direct  and  indirect  striatal  projections,  the  strength  of     
lateral inhibition through recurrent connections within striatum, and hence general basal     
ganglia function.      
In  the past, efforts have been made  to decipher how cortico- and  thalamo-striatal     
projections modulate striatal circuit activity and MSN excitability (Wilson, 1993; Ding et     
al.,  2008).  It  has  been  shown  in vivo  that  cortical  activity  is  correlated  with  MSN     
transitions  from  inactive  or  hyperpolarized  to  depolarized  states,  suggesting  that     
prolonged  depolarizations  are  determined  by  sustained  excitatory  activity  (Stern  et  al.,     
1997). Additionally,  experiments in  acute mouse brain  slice revealed that glutamatergic     
afferents  projecting  from  cortex  and  thalamus  exhibit  different  short-term  synaptic     
plasticity  properties,  promoting  distinct  patterns  of  MSN  spiking  (Ding  et  al.,  2008).     
Although  these studies yielded valuable  insights,  innate  technical problems prevent  the     
ability  to  identify  the  role  of  glutamatergic  input  in  regulating  striatal  activity  and  to     
quantify  the  synaptic  output  of  individual  striatal  neurons.  Dissociated  in vitro  cell     
culture  systems are at present  the most efficient method  for  recording pairs  (Randall et     
al., 2011) and quantifying the input and output of individual striatal neurons.     
In  the  present  study,  we  used  an  in vitro  dissociated  two-neuron  inter-regional     
microcircuit  to explore whether glutamatergic input from cortex or thalamus affects the     
output  of  individual  striatal  GABAergic  projection  neurons.  We  recorded  connected     










their  output. This  process was  dependent  on  action  potential  generation,  glutamatergic     
synaptic  transmission  and BDNF secretion. Together  these  results provide  insights  into     






Animal  housing  and  use  were  in  compliance  with  and  approved  by  the  Animal     
Welfare  Committee  of  Charité  Medical  University  and  the  Berlin  State  Government     
Agency for Health and Social Services (License T0220/09). Newborn C57BLJ6/N mice     
(P0-P2) of both sexes were used for all the experiments.      
Primary neurons were  seeded  and cultured on microisland astrocyte  feeder  layers     
that were prepared 2 weeks before  the neuronal culture preparation. Astrocytes derived     
from  C57BL6/N  mouse  cortices  (P0-P1)  were  plated  on  collagen/  poly-D-lysine     
microislands  made  on  agarose-coated  coverslips  using  a  custom-built  rubber  stamp  to     



















tissues  for  the  two-neuron  cultures  were  labeled  with  different  fluorescent  membrane     




Paired  whole-cell  voltage-clamp  recordings  were  performed  with  a  Multiclamp     
700B amplifier (Molecular Devices, Sunnyvale, CA) under the control of Clampex 10.2     




low-pass  Bessel  filtered  at  3  kHz  with  an  Axon  Digidata  1440A  digitizer  (Molecular     
Devices).  Series  resistance  was  compensated  at  70%  and  only  cells  with  <12  MΩ     
resistance  were  included.  All  experiments  were  performed  at  room  temperature  (23–    
24°C).     
During  recordings,  neurons  were  immersed  in  standard  extracellular  solution     
consisting of  (in mM)  of: 140 NaCl,  2.4 KCl, 10 HEPES,  10 glucose,  4 MgCl2,  and  2     





Action  potential  evoked  postsynaptic  currents  (PSCs)  were  triggered  by  a  2  ms     
somatic  depolarization  from  -70mV  (holding  potential)  to  0  mV.  Neurons  were     
stimulated at 0.1 Hz in standard external solution to measure basal evoked excitatory or     
inhibitory  postsynaptic  currents  (EPSCs  or  IPSCs,  respectively).  The  kinetics  of  the     
evoked  responses  and  AMPA  receptor  antagonist  (3  μM  2,3-dihydroxy-6-nitro-7-    
sulfamoyl-benzo[f]quinoxaline-2,3-dione  (NBQX);  Tocris  Bioscience)  were  used  in     
order  to  verify  glutamatergic  or  GABAergic  identities.  Spontaneous  release  of     








measurements  were  obtained  from  the  membrane  test  function  in  pClamp  (Molecular     
Devices).  Readily  releasable  pool  (RRP)  size  of  striatal  cells  (GABAergic  only)  was     
assessed by measuring the charge transfer of the transient synaptic current induced by a 5     
s  application  of  500  mM  hypertonic  sucrose  in  standard  extracellular  solution     
supplemented with NBQX (Rosenmund et al., 1996). The output RRP was the sum of the     





the  charge  of  the  average  miniature  event  of  the  same  neuron.  Similarly,  the  release     
probability of a single synapse (Pvr) was calculated as the ratio of input evoked response     
charge  (autaptic and heterosynaptic connections ending at  each postsynaptic neuron)  to     
output  RRP  charge  of  the  same  neuron.  Short-term  plasticity  was  examined  either  by     
evoking 50 synaptic responses at 5 Hz or 2 responses at 20 Hz (inter-stimulus interval of     
50  ms)  to  calculate  a  paired-pulse  ratio  (PPR;  response  2/  response  1).  Data  were     
analyzed  in  Axograph  X  (Axograph  Scientific,  Berkeley,  CA),  Excel  (Microsoft,     
Redmond, WA) and Prism  (GraphPad, La Jolla, CA). All  experiments were performed     
blinded  to  the  experimental  groups  and  coverslips  were  always  randomized  to  drug     













Germany),  (ii)  chicken  anti-microtubule-associated  protein  2  (MAP2)  (1:2000;     
Millipore), (iii) guinea pig anti-VGLUT1 (1:4000; Synaptic Systems) and (iv) guinea pig     
anti-VGLUT2  (1:1000;  Synaptic  Systems).  Coverslips  were  then  washed  thrice  with     
PBST for 15 min each and primary antibodies were labeled with secondary Alexa-Fluor     





For  morphological  analysis,  16-bit  images  were  acquired  on  an  Olympus  IX81     
inverted  epifluorescence  microscope  at  20x  optical magnification  with  a  CCD  camera     
(Princeton  MicroMax;  Roper  Scientific,  Trenton,  NJ)  and  MetaMorph  software     








NeuronJ  plugin  (Meijering  et  al.,  2004)  and  cross-sectional  area  across  the  MAP2-    
positive  cell  body was measured  to  estimate  the  area  of  neuronal  somata.  For  synapse     
number  quantification,  GABAergic  synapses  were  identified  by  immunoreactivity  to      
VGAT antibody, while glutamatergic synapses in coritico-straital pairs were identified by     
immunoreactivity  to  VGLUT1  antibody  and  glutamatergic  synapses  in  thalmo-striatal     
pairs  identified  by  immunoreactivity  to  VGLUT2  antibody  according  to  the  reported     
vesicular  glutamate  transporter  isoform  expression  pattern  (Fremeau  et  al.,  2001;     
Fujiyama et al., 2001). The total number of GABAergic and glutamatergic synapses was     
quantified  by  manually  counting  the  VGAT  and  VGLUT1  (cortex)  or  VGLUT2     












(Promega)  and  random  hexanucleotides.  The mRNA  expression  levels  of  each  sample     




products  in  Tubb3  and  Bdnf  RT-PCR,  we  used  SYBR  Green  dye-based  PCR     
amplification  (Thermo  Fisher  Scientific)  and  the  QuantStudio  3  detection  system     
(Applied  Biosystems).  The  following  sequence-specific  primers  (MWG  Biotech,     
Ebersberg, Germany) were used: Tubb3 forward, 5’-GCGCATCAGCGTATACTACAA-    
3’  and  reverse,  5’-CATGGTTCCAGGTTCCAAGT-3’;  Bdnf  forward,  5’-    




Power  analysis  was  performed  using  the  pwr  R  package     




the  experiment  the  statistical  power  was  recalculated  (   0.9  in  all  cases)  using  the     
empirical  mean  values  of  the  compared  groups,  the  standard  deviation,  the  alpha  and     
sample  size.  To  test  the  normality  of  the  data,  we  used  the  D’Agostino-Pearson  test.     
Student’s t test for independent groups and one-way ANOVA using Tukey HSD post-hoc     













and  the  tissue origin  (cortex/thalamus or  striatum) of each neuron. The  tissue origin of     
each  cell  was  determined  by  membrane  dye-labeling  of  dissociated  neurons  prior  to     
plating  (see  Materials  and  Methods)  and  neurotransmitter  type  was  determined  by     
kinetics of the postsynaptic responses (Fig. 1). This  in vitro approach allowed us for an     
unambiguous  and  quantitative  electrophysiological  (455  pairs)  and morphological  (191     
pairs)  characterization  of  synaptic  connectivity  and  function  of  neurons  of  known     
identity.      
     




Bolam,  1990;  Doig  et  al.,  2010).  Hence,  we  decided  to  test  for  changes  in  synaptic     
connectivity and strength with the innervation of striatal GABAergic neurons with either     
of  the  two  inputs.  To  do  so,  we  used  a  two-neuron  microcircuit  culture  system  and     
compared  control  striatal  (SS)  (only  GABAergic;  homotypic)  pairs  to  cortico-striatal     
(CS) or thalamo-striatal (TS) (glu-GABA; heterotypic) pairs (Fig.1 and Fig.1-1). Because     






are  specific  to  the  presence  of  glutamatergic  partner,  we  used  single  striatal  neurons,     
growing on glial islands, as a second control, and compared their properties to homotypic     
GABA pairs.      
First,  we  analyzed  the  impact  of  glutamatergic  innervation  on  action-potential-    
evoked  inhibitory  postsynaptic  currents  (IPSCs)  generated  by  striatal  GABAergic     
neurons, by looking at the total autaptic and heterosynaptic responses. Both cells in each     
pair configuration  (Fig.  1 A-C) were measured simultaneously  using whole-cell  patch-    




n=25,  p=0.026,  Kruskal-Wallis  test),  compared  to  those  paired  with  another  striatal     
GABAergic  neuron  (SS  IPSC:  -10.51±1.23  nA,  n=60)  (Fig.1D-G).  These  findings     
suggest that glutamatergic input increases the magnitude of GABAergic output of striatal     
neurons.      
The magnitude  of  the  evoked  IPSC  depends  on  the  number  of  fusion  competent     
vesicles (readily releasable pool, RRP), the efficiency of the calcium-triggered fusion of     
synaptic vesicles (vesicular release probability, Pvr) and the postsynaptic response to the     
release of an  individual vesicle (quantal  size) (del Castillo and Katz, 1954; Reim et  al.,     





in  the  presence of  the glutamate  receptor antagonist, NBQX. When we measured RRP     
size by integrating the charge resulting from the pulsed application of hypertonic sucrose     
supplemented with NBQX, we found that the total RRP size in striatal neurons connected     
with  glutamatergic  neurons  was  increased  by  67%  for  cortico-striatal  and  102%  for     
thalamo-striatal pairs compared to striatal neuron pairs (SS: -3.77±0.30 nC, n=54; CS: -    
6.30±0.62  nC,  n=27, p=0.002; TS:  -7.61±0.91 nC, n=24, p=0.001, Kruskal-Wallis  test)     
(Fig.  1D-F  and  H).  This  suggests  that  the  magnitude  of  the  increase  in  the  RRP was     
comparable  to  the  increase  seen  in  the  IPSC  (101%  and  82%  respectively).  We  next     
examined  whether  glutamatergic  input  affects  the  presynaptic  release  efficiency  by     
calculating  the  probability  of  single  vesicle  to  undergo  exocytosis  (Pvr;  IPSC  charge     
divided by sucrose-evoked charge) or the paired pulse ratio (PPR). Our data revealed no     
changes in Pvr and PPR (SS: 13.66±1.24%, n=48; CS: 11.64±1.79%, n=27, p=0.625; TS:     
14.07±1.76%,  n=24,  p>0.999,  Kruskal-Wallis  test)  (Fig.  1I-J),  implying  that     
glutamatergic  input  affects  RRP  size  without  altering  presynaptic  calcium-dependent     
release efficiency.      
To  assess  quantal  size,  we  analyzed  spontaneous  release  events,  or  miniature     
inhibitory PSCs (mIPSCs). We noted that the mean mIPSC amplitude of striatal neurons     
in  mixed  pairs  was  significantly  greater  than  controls  by  approximately  70%  (SS:  -    
44.31±3.04 pA, n=42; CS: -74.24±7.07 pA, n=38, p=0.002; TS: -79.17±8.16 pA, n=32,     
p=0.001, Kruskal-Wallis  test),  as was  the mIPSC charge  (SS:  -838.10±68.96  fC, n=42;     
CS: -1379±129.2 fC, n=38, p=0.004; TS: -1454±172.5 fC, n=32, p=0.01, Kruskal-Wallis     
test) (Fig. 1K-O). To eliminate the possibility that the mIPSC increase in mixed pairs is     




mIPSC amplitudes  recorded only in  the  striatal GABAergic neurons in both homotypic     
and mixed  pairs.  We  found  that  the  GABAergic  mIPSCs  recorded  in  striatal  neurons     
(autaptic) were also  significantly  increased by approximately 65%  (SS:  -45.26±2.9 pA,     
n=49;  CS:  -75.32 ± 6.6  pA,  n=41,  p<0.0001; TS:  -72.96 ± 11.44  pA, n = 15,  p = 0.043,     
Kruskal-Wallis  test),  suggesting  that  glutamatergic  input  alters  the  striatal  neuron’s     
sensitivity  to  GABA  itself  and  thus  potentiates  the  collateral  feedback  inhibition. The     
frequency  of  inhibitory  miniature  events  was  not  changed  despite  the  presence  of     
glutamatergic  input  (SS:  2.15±0.26  Hz,  n=42;  CS:  1.70±0.35  Hz,  n=41,  p=0.121;  TS:     
2.54±0.47 Hz, n=36, p>0.999, Kruskal-Wallis test) (Fig.1P). We then calculated the total     
number of vesicles in  the RRP by dividing the  total output RRP charge by  the average     
charge  of  the  miniature  events  from  each  neuron.  Our  analysis  showed  that  the  mean     
number  of  synaptic  vesicles  contained  in  the RRP  of  striatal neurons was  significantly     
increased  only  in  the  case  of  cortico-striatal  pairs  by  91%,  but  not  in  that  of  thalamo-    
striatal  (SS:  4445±362,  n=35;  CS:  8498±1700,  n=16,  p=0.04;  TS:  5197±990,  n=14,     
p>0.999, Kruskal-Wallis test) (Fig. 1Q). This suggests a differential effect of cortical and     




Different  connectivity  patterns  revealed  between  cortico-striatal  and  thalamo-    
striatal pairs     







-9.78±1.53  nA,  n=30;  TS:  -4.72±0.95  nA,  n=25,  p=0.006,  Mann-Whitney  test)  (Fig.     
1R,S).  However,  when  applying  the  paired  pulse  stimuli,  the  response  ratios  were     
indistinguishable  (CS:  0.98±0.05,  n=30;  TS:  1.06±0.09  nA,  n=25,  p=0.42,  t  test)     




heterosynaptic  (light  color  bars)  evoked  responses  from  each  neuron  (Fig.  1U,V).     
Glutamatergic  neurons  from  cortex,  in mixed  pairs,  evoked  on  average  bigger  autaptic     
versus heterosynaptic responses (CS autaptic: -6.07±1.04 nA; heterosynaptic: -3.71±0.70     
nA,  n=30,  p=0.04,  Mann-Whitney  test),  while  thalamic  partners  showed  comparable     
autaptic  and  heterosynaptic  EPSC  amplitudes  (TS  autaptic:  -2.44±0.66  nA;     
heterosynaptic:  -2.49±0.56  nA,  n=25,  p=0.984,  Mann-Whitney  test)  (Fig.  1U).  To     
investigate  whether  the  change  in  striatal  GABAergic  output  was  general  or  target     
specific,  we  compared  the  autaptic  and  heterosynaptic  connections  of  striatal  neurons     
across  the  different  groups  (Fig.  1V).  In  accordance  with  previous  findings  from     
hippocampal  interneurons  (Liu  et  al.,  2009,  2013;  Chang  et  al.,  2014),  we  found  that     
autaptic  responses  of  striatal  GABAergic  neurons  were  two-fold  higher  than     
heterosynaptic  in  homotypic  pairs  (SS  autaptic:  -7.51±0.99  nA;  heterosynaptic:  -    
3.01±0.41  nA,  n=60,  p<0.0001, Mann-Whitney  test)  (Fig.  1V).  Interestingly, while  the     






other  hand,  upon  cortical  innervation,  striatal  neurons  showed  a  specific  increase  in     







glutamatergic  partner,  only  striatal  neuron  paired with  a  cortical  glutamatergic  neuron     
exhibited an  increase  in the number of RRP vesicles (Fig.  1H,Q). The  increase  in RRP     
vesicles  could  be  a  result  of  either  a  higher  number  of  vesicles  per  synapse  or  by  an     
increase  in the number of  synapses. To determine  the  locus of RRP vesicle  increase  in     
striatal GABAergic neurons paired with a cortical glutamatergic neuron, we examined the     
morphology  of  two-neuron  cultures  immuno-labeled  with  antibodies  against:  i)  the     
predominant subtype of vesicular glutamate transporter (VGLUT) in cortical or thalamic     
neurons, VGLUT1 or VGLUT2,  respectively to mark glutamatergic synapses (Fremeau     
et  al.,  2001;  Fujiyama  et  al.,  2001),  ii)  VGAT  to  mark GABAergic  synapses  and  iii)     











when  we  quantified  the  number  of  excitatory  synapses,  VGLUT1  positive  puncta  for     
cortico-striatal pairs or VGLUT2 positive puncta for thalmo-striatal pairs, we revealed a     




We  also  noted  that  striatal  neurons  tended  to  have  an  increased  membrane     
capacitance  (Cm)  when  cultured  with  either  glutamatergic  cells,  compared  to  control     
neurons (SS: 20.22±1.32 pF, n=58; CS: 24.75±2.32 pF, n=29, p=0.368; TS: 24.02±2.87     







physiological  changes  in  striatal  GABAergic  output,  we  went  on  to  characterize  the     





chronically  inhibited  neuronal  activity  in cortico-striatal  cultures with  tetrodotoxin  (0.5     
μM TTX) to block neuronal firing or glutamate receptor antagonists (2 μM NBQX, 100     
μM AP5) to block postsynaptic receptor activation, applied to the culture media at DIV 3,     
7,  11.  We  found  that  the  IPSC  amplitude  in  TTX-treated  cortico-striatal  pairs  was     
reduced by 59% and  in NBQX/APV-treated cortico-striatal pairs by 58%, compared  to     
untreated  cortico-striatal  pairs  (CS:  -17.93±1.87  nA,  n=37;  CS+TTX:  -7.34±1.25  nA,     
n=21,  p=0.005;  CS+NBQX/APV:  -7.50±0.89  nA,  n=18,  p=0.041,  Kruskal-Wallis  test)     
(Fig.  3A).  Likewise,  RRP  GABAergic  size  showed  a  significant  decrease  by  42%  for     
TTX-treated  cortico-striatal  pairs  and  by  50%  for  NBQX/APV-treated  cortico-striatal     
pairs  (CS:  -6.75±0.67  nC,  n=37;  CS+TTX:  -3.88±0.66  nC,  n=20,  p=0.05;     
CS+NBQX/APV:  -3.39±0.58  nC,  n=19,  p=0.008,  Kruskal-Wallis  test)  (Fig.  3B).  The     
release probability  (Pvr) or short-term plasticity  (PPR)  characteristics as determined by     
paired pulse experiments were not significantly different after any drug application (Fig.     
3C).  Furthermore,  we  tested  the  effect  of  TTX  or  NBQX/APV  treatment  on  the     
spontaneous  release.  In  every  case,  chronic  activity  blockade  effectively  reversed  the     
potentiation of mIPSC amplitudes upon cortical innervation back to control levels (CS: -    
77.56±4.51  pA,  n=69;  CS+TTX:  -50.61±4.23  pA,  n=34,  p=0.001;  CS+NBQX/APV:  -    
54.62±5.15 pA, n=29, p=0.028, Kruskal-Wallis  test)  (Fig. 3D). The number of vesicles     
released onto  striatal neurons  in cortico-striatal  pairs  treated with TTX or NBQX/APV     
tended to be decreased back to the level of control striatal pairs (SS: 2740±450.7, n=34;     
CS:  5988±716.1,  n=35;  CS+TTX:  2963±451.9,  n=19,  p=0.187;  CS+NBQX/APV:     
2837±388.6,  n=19,  p=0.144,  Kruskal-Wallis  test)  (Fig.  3E)  as  was  true  also  for  the     





Wallis  test)  (Fig.  3F).  In  general,  control  striatal  pairs  treated  with  either  TTX  or     
NBQX/APV  did  not  show  any  significant  differences,  compared  to  the  untreated     
controls. Overall, our results indicate that in cortico-striatal pairs, the GABAergic output     




In  addition  to  providing  excitatory  neurotransmission  to  a  circuit,  glutamatergic     
neurons  are  also  the  source  of  other  important  factors,  including  brain  derived     
neurotrophic  factor  (BDNF),  which  is  crucial  for  GABAergic  neuronal  development     
(Park and Poo, 2013). In striatum, BDNF is considered to be released from glutamatergic     
synapses and not from the striatal MSNs themselves (Baydyuk and Xu, 2014). Given our     
findings  that  glutamatergic  innervation  stimulates  formation  of  new  synapse  growth  in     




of  BDNF  on  striatal  GABAergic  neuron  morphology  by  chronically  treating  single     
striatal  GABAergic  neurons  grown  on microislands  (autaptic  culture)  with  BDNF  (50     
ng/ml  at DIV 3,7,11)  and performing immunocytochemical analysis at DIV 12-15 (Fig.     











120.3±10.72,  n=39,  p=0.0002;  dendritic  length:  783.7±73.33  μm  n=44,  p=0.0004,     
Kruskal-Wallis  test)  (Fig.  4A-D  and  Fig.  4-1A).  In  addition, we  performed  a  series  of     
experiments  using  the  selective  TrkB  antagonist  ANA12  (10  μM  at  DIV  3,  7,  11).     
However, due to irregular  toxicity effects of ANA12 on the supporting astrocytes (over     
80% of  the  astrocytic  islands  per  culture were  dissolved  between  the  second  and  third     
dose  at  DIV  9-11;  data  not  shown),  we  decided  to  only  proceed  with  K252a.  As  an     
additional control experiment, to verify the specificity of BDNF-mediated morphological     








neurons  showed  a  14%  decrease  in  evoked  IPSC  amplitude  (control:  -6.84±0.63  nA,     





nC, n=127,  p=0.092, Mann-Whitney  test)  (Fig.  4F). As  there  is  no  apparent  change  in     
release  efficiency  (Fig.  4G),  the  slight  decrease  in  the  autaptic  IPSC  amplitude  likely     
reflects  a  smaller  quantal  size.  Indeed,  consistent  with  this  scenario,  there  was  a  22%     
decrease in mIPSC size (control: -50.12±2.87 pA, n=74; BDNF: -39.27±1.88 pA, n=120,     
p=0.0009, Mann-Whitney  test),  without  any  change  in  frequency,  in BDNF-treated  as     
compared  to  control  neurons  (Fig.  4H,  J).  One  possible  explanation  for  the  decreased     
quantal  size  in  BDNF-treated  striatal  autapses  is  that  increased  number  of  synapses     
formed is not accompanied by a concomitant increase in postsynaptic GABA receptors,     
and  therefore  the  same number of  receptors  is diluted over more synapses. To  test  this     
possibility  we  compared  the  responses  to  exogenous  GABA  (5  μM)  application  and     
found that there was no difference between BDNF-treated and control neurons (control:     
1±0.1, n=8; BDNF: 0.97±0.09, n=10, p=0.834, t test) (Fig. 4K), even though the BDNF-    
treated  neurons  have  a  significantly  increased  membrane  capacitance  (control:     











We  have  shown  separately  that  glutamatergic  excitatory  transmission  in  cortico-    
striatal  two-neuron microcircuit  evokes  changes  in  striatal  GABAergic  output  (Fig.  3)     





this  end,  we  compared  mRNA  levels  using  real  time  PCR  from  pure  cultures  of     
dissociated  cortex  or  striatum.  In  agreement  with  previous  findings  examining  BDNF     










2.29±0.26  nC,  n=37; CS:  -4.58±0.37  nC,  n=49,  p<0.0001; CS+K252a:  -2.74±0.38  nC,     






66.59±4.64  pA,  n=63,  p=0.013;  CS+K252a:  -46.82±3.55  pA,  n=58,  p=0.009, Kruskal-    
Wallis  test)  (Fig.  5E).  Importantly,  K252a  treatment  in  striatal  only  pairs  induced  no     
changes  in  neurotransmission  (Fig.  5B-H  and  Fig.  5-1),  verifying  the  glutamatergic     
cortical  neurons  as  the  source  of  endogenous  BDNF.  The  same  findings  were  also     
confirmed by morphological analysis of pairs immunolabeled for the presynaptic marker     




involvement  of  the  BDNF-TrkB  signaling  pathway  in  regulation  of  striatal  synapse     
formation,  we  chronically  treated  cortico-striatal  pairs  with  anti-BDNF  neutralizing     
antibody (1:100 at DIV3, 7, 11). BDNF neutralization led to a 60% decrease in inhibitory     
synapses  of  cortico-striatal  pairs,  compared  to  untreated  heterotypic  pairs  (CS:     
498.5±63.2,  n=32; CS+anti-BDNF: 197.7±22.99, n=33, p<0.0001, Kruskal-Wallis test),     
thereby  negating  the  cortical  input-induced  phenotype.  Additionally,  the  number  of     
excitatory synapses from cortical partner was reduced by 45% (CS: 570.6±52.46, n=35;     
CS+anti-BDNF:  314.8±29.01,  n=33,  p=0.001,  Kruskal-Wallis  test).  Together,  this     
provides  evidence  that  abolishing  endogenous  BDNF  function  can  affect  inhibitory     
synapse  formation  in  striatal  neurons  either  directly  through  BDNF  release  or  by     
decreasing excitatory synaptic contacts and thus the level of excitation.      
Overall,  these  data  suggest  that  glutamatergic  firing,  postsynaptic  glutamate     







Our  study  investigates  the  potential  role  of  glutamatergic  innervation  in  shaping     
functional and morphological properties of striatal GABAergic neurons. Using a minimal     
circuit consisting of two neurons, we provide novel information regarding the impact of     
the  cortical  and  thalamic  glutamatergic  input  on  the  output  synapses  of  the  striatal     
GABAergic neurons. First, we report that glutamatergic input causes a two-fold increase     
in striatal GABAergic output. With both glutamatergic partners from cortex or thalamus,     
we  attribute  this  potentiation  to  an  increase  in  the  postsynaptic  response  to  GABA     
release. Additionally, we found that cortical, but not thalamic input, enhanced the number     
of  inhibitory  synapses  formed  by striatal GABAergic  neurons,  likely  as  a  result  of  the     
higher  number  of  synaptic  contacts  that  cortical  neurons  formed  over  their  striatal     
partners.  Importantly,  both  alterations  were  reverted  by  inhibition  of  neuronal  activity     
and glutamate receptors, as well as BDNF-TrkB signaling disruption. Together, our data     






modulator  of  dendritic morphology  in MSNs  (Segal  et  al.,  2003;  Buren  et  al.,  2016).     
However,  the  effects  of  cortical  and  thalamic  inputs  on  the  physiology  of  striatal     




glutamatergic  input  from  either  cortex  or  thalamus  onto  striatal  neurons  significantly     
increased  total GABAergic  synaptic  output  (Fig.  1). This  finding  partially  agrees  with     
previous  studies  in  the  hippocampus  (Chang  et  al.,  2014;  Barrows  et  al.,  2017)  that     
reported an increase in GABAergic output upon glutamatergic innervation, suggesting a     
more general role of glutamatergic input in modulating the degree of inhibition produced     
by  GABAergic  neurons.  Nevertheless,  the  modulation  by  glutamatergic  input  in  the     
different  types  of  GABAergic  neurons  manifests  in  different  ways:  hippocampal     
interneurons increased the number of their output synapses, but decreased the presynaptic     
release  efficiency  (Chang  et  al.,  2014),  whereas  striatal  GABAergic  neurons  increased     
their  evoked  inhibitory  response  and  vesicle  pool  size,  while maintaining  their  release     
efficiency (Fig. 1G-I). A possible explanation for this discrepancy might derive from the     
role of each GABAergic neuronal type within its given circuitry. Interneurons are thought     
to  function  mainly  locally  within  a  circuit  and  their  output  determines  the     
excitation/inhibition  balance  (Liu,  2004;  Atallah  and  Scanzianni,  2009).  On  the  other     
hand,  striatal  neurons  project  to  other  regions  and  must  reliably  convey  information     
(Kreitzer and Malenka, 2008). It is, thus, possible that striatal neurons are optimized to be     
less  dynamic  and  rather  act  as  refiners  of  incoming  information  from  other  neurons.     
Indeed, in vivo studies of the pathways from cortex and thalamus through striatum to the     
downstream areas suggest that the precision of striatal neuron firing is crucial for correct     
representation of sensory stimulus  (Smith et  al., 2004; Ding et al., 2008). Our  findings     






collaterals  forming  recurrent  inhibitory  synaptic  contacts  (Taverna  et  al.,  2008). Given     
our  finding  that  glutamatergic  innervation  causes  and  increase  in  the  quantal  GABA     
response  on  striatal  neurons  (Fig.  1),  this  would  suggest  that  collateral  recurrent     
connections  within  striatum  could  be  potentiated  and  therefore  cause  more  precisely-    
timed firing in response to excitatory input. The different properties of the two classes of     
GABAergic  neurons  should  come  as  no  surprise,  since  interneurons  and  projection     
neurons  originate  from  different  brain  areas  (medial  and  caudal  vs  lateral  ganglionic     
eminence, respectively) (Angevine and Sidman, 1961; Wichterle et al., 1997; Fjodorova     
et al.,  2015). This provides  the  two  neuronal  types with distinct  transcriptional profiles     
and thus, functional and morphological phenotypes.      
Another  interesting  observation  of  our  study  is  that  thalamic  and  cortical  inputs     





(Ding  et  al.,  2008;  Sciamanna  et  al.,  2015)  and  thus,  influence  its  output.  Given  that     
BDNF  impacts  the  formation  of  GABAergic  synapses  (Park  and  Poo,  2013),  we     
compared Bdnf mRNA levels between cortical and thalamic mass cultures. Yet, we found     
no  differences  (data  not  shown). However,  in morphological  analysis  of  our  pairs,  the     
number  of  cortical  synapses  made  in  cortico-striatal  pairs  was  higher  than  those  in     
thalamo-striatal  pairs  (Fig.  2C).  Therefore,  we  presume  that  the  explanation  for  the     




overall  strength  of  the  synaptic  input  provided  by  each  of  the  glutamatergic  partners.     
Indeed, in agreement with other studies (Smeal et al., 2007; Kolodziejczyk and Raymond,     
2016), we found  that, in addition to  showing morphologically fewer synapses,  thalamic     
neuron-evoked  responses  were  smaller  compared  to  those  evoked  by  cortical  neurons     
(Fig.  1R-S).  This  suggests  that  only  strong  synaptic  input  driven  by  cortical  neurons     
might  be  able  to  induce  the  formation  of  additional  inhibitory  synapses  in  striatal     
GABAergic neurons.     
     
Cortical-induced  potentiation  of  striatal  GABAergic  output  requires  neuronal     
activity and activity-dependent BDNF release     
The  mechanisms  through  which  striatal  GABAergic  neurons  respond  to     
glutamatergic  innervation  are  currently  unclear.  We  know  from  previous  studies  that     
excitation and activation of ionotropic glutamate receptors regulate GABAergic synapse     
formation in interneurons (Hartman et al., 2006; Chang et al., 2014). Furthermore, Segal     
et al.  (2003) showed  that  in cortico-striatal  embryonic cultures  the presence of TTX  in     
growth media prevented  the  increase  in  the density of striatal spines caused by cortical     
input.  In  this  sense,  our  study verifies  the  importance of neuronal  firing and glutamate     
receptor  activation  for  GABAergic  neuronal  function,  showing  now  that  glutamatergic     
excitation  not  only  alters  striatal  spines  density,  but  it  is  also  relevant  for  modulating     
GABAergic output (Fig. 3).      
Another  potential  component  of  cortical  glutamatergic  innervation  that  impacts     
GABAergic output is activity-dependent BDNF release (Huang et al., 1999; Hong et al.,     





striatal  mass  culture  (Fig.  5A).  Furthermore,  we  demonstrated  for  the  first  time  that     
application  of  Trk  receptor  antagonist,  K252a,  prevented  the  increase  in  GABAergic     
output  caused  by  cortical  input,  suggesting  that  BDNF  is  required  for  both  quantal     
response changes and inhibitory synapse formation (Fig. 5). This was also supported by     
the  experiments  using  anti-BDNF  neutralizing  antibody  (Fig.  5J-K).  This  extends     
previous  findings  on  the  role  of  BDNF  as  a  regulator  of  cellular  and  dendritic     
morphology  for striatal GABAergic neurons  (Nakao et al., 1995; Palizvan et al., 2004;     
Rauskolb  et  al.,  2010;  Penrod  et  al.,  2015).  Nevertheless,  despite  the  fact  that  BDNF     
directly influences  the morphology (cell  size, dendritic  length and number of contacts),     
we showed that BDNF alone is not sufficient to induce new, fully functional synapses in     
striatal neurons (Fig. 4). We presume  that activity-dependent BDNF release by cortical     
glutamatergic  neurons  activates  TrkB  receptors  in  striatal  cells  and  turns  on  the     
transcriptional programs instructing synapse formation (Hong et al., 2008). As a result, in     
conjunction  with  neuronal  activity,  cortical  input  regulates  the  maintenance  of  those     
synapses  (Marty  et  al.,  2000;  Lin  et  al.,  2008;  West  and  Greenberg,  2011).  To  shed     
further  light  on  this mechanism  future  studies  examining  gene  expression  changes  are     
required.      
To conclude, our study demonstrates the power of an in vitro approach to examine     
inter-regional  interactions  between  different  neuronal  types  that  are  known  to  form     
specific circuits  in vivo. Using  this  two-neuron in vitro  system, we were able  to  isolate     





glutamatergic-induced  modulation.  Nevertheless,  to  strengthen  the  relevance  of  our     
findings,  future  studies  examining  striatal  cell  modulation  in vivo  are  necessary.     
Nowadays,  that  cumulative  evidence  support  that  basal  ganglia  circuit  deficits  are     
implicated in numerous neurological diseases, including Huntington’s disease (Cepeda et     
al., 2003) and Tourette and Parkinson’s syndromes , we are confident that our two-neuron     
microcircuit  model  could  be  a  valuable  tool  for  assessing  synaptic  properties  of  such     
disease models in cellular context. Understanding how cortical and thalamic inputs refine     















































































































































































Figure  1. Striatal  GABAergic  output  is  modulated  by  glutamatergic  input.  (A-C)     
Schematic  diagram  illustrating  autaptic  and  heterosynaptic  connections  in  striatal     









mIPSC  amplitudes  (N),  charge  (O),  frequency  (P),  and RRP  vesicles  number  (Q).  (R)     
Representative  traces of glutamatergic  response  to paired  pulse  stimulation with 25 ms     
inter-stimulus  interval  (dark;  autaptic,  light;  heterosynaptic,  pink;  cortico-striatal  pairs,     
green; thalamo-striatal pairs). (S-T) Scatter plots showing total evoked EPSC amplitudes     











(A)  Representative  images  of  neuronal  morphology  showing  immunoreactivity  for     
MAP2, VGAT and VGLUT1 (cortical synapses) or VGLUT2 (thalamic synapses). (B-C)     
Scatter  plots  showing  the  number  of  VGAT  synapses  per  neuron  (B),  the  number  of     













Figure  4.  Exogenous  BDNF  promotes  growth  and  synapse  formation  in  striatal     
autaptic neurons. (A-D) Morphological analysis of striatal autapses (control; light blue,     
BDNF treated; yellow, Trk-antagonist treated; purple, BDNF and Trk-antagonist treated;     
green).  (A)  Representative  images  of  neuronal  morphology  showing  immunoreactivity     
for MAP2 and VGAT. (B-D) Scatter plots showing neuronal  soma area (B), number of     









Figure  5.  BDNF  release  modulates  GABAergic  synapse  output  in  cortico-striatal     
pairs. (A) Bar graph showing real-time RT-PCR analysis for mRNA expression of Bdnf     
gene in striatal and cortical neuronal mass cultures. (B-H) Functional analysis of striatal     
pairs  (untreated;  dark  blue,  Trk-antagonist  treated;  purple),  cortico-striatal  pairs     
(untreated;  pink,  Trk-antagonist  treated;  brown).  Scatter  plots  showing  mean  evoked     
IPSC amplitudes (B), RRP size (C), PPR (D), mIPSC amplitudes (E), mIPSC frequency     
(F),  RRP  vesicles  number  (G)  and  mean  membrane  capacitance  measurements  as     
obtained  from  the  membrane  test  (H).  (J-K)  Representative  images  of  neuronal     















  striat aut  striat+striat  striat+cortex  striat+thal  Statistics  P-value 
IPSC amp. (nA)  -7.63±1.19  -10.51± 1.23  -21.14±3.12  -19.13±3.29  H(3,159)=26.29  <0.0001 
RRP charge (nC)  -3.18±0.35  -3.77±0.30  -6.30±0.62  -7.61±0.91  H(3,149)=32.68  <0.0001 
Pvr (%)  13.63±1.56  13.66±1.24  11.64±1.79  14.07±1.76  H(3,143)=2.14  0.5433 
PPR (50ms)  0.71±0.07  0.86±0.08  0.72±0.08  0.89±0.14  H(3,135)=3.36  0.3389 
mIPSC amp. (pA)  -42.42±3.71  -44.31±3.04  -74.24±7.07  -79.17±8.16  H(3,157)=29.93  <0.0001 
mIPSC charge (fC)  -742.10±71.86  -838.10±68.96  -1379±129.2  -1454±172.5  H(3,157)=26.40  <0.0001 
mIPSC freq. (Hz)  2.22±0.34  2.15±0.26  1.70±0.35  2.54±0.47  H(3,164)=4.97  0.1736 
#RRP vesicles  5738±728.2  4445±362  8498±1700  5197±990  H(3,95)=6.381  0.0945 
EPSC amp. (nA)  -  -  -9.78±1.53  -4.72±0.95  U =214  0.006 










striat aut  striat+striat  striat+cortex  striat+thal  Statistics  P-value 
VGAT synapses  184±22.07  174.8±17.48  326.3±41.52  175.4±17.72  H(3,94)= 12.7  0.0053 
VGLUT1/2synapses    312.2±38.7  118.2±15.5  U= 74  <0.0001 
Cm (pF)  17.23±1.47  20.22±1.32  24.75±2.32  24.02±2.87  H(3,157)=10.35  0.0158 
     














IPSC amp. (nA)  -5.74±0.91  -8.84±1.51  -6.04±1.36  -17.93±1.87  -7.34±1.25  -7.50±0.89  H(5,160)=37.77  <0.0001 
RRP charge (nC)  -2.18±0.25  -2.69±0.27  -3.19±0.58  -6.75±0.67  -3.88±0.66  -3.39±0.58  H(5,158)=43.24  <0.0001 
Pvr (%)  15.77±1.55  20±2.45  15.26±2.99  13.98±1.55  14.86±2.39  15.12±1.40  H(5,153)=5.18  0.3943 
PPR (50ms)  0.74±0.07  0.72±0.09  0.92±0.11  0.65±0.05  0.56±0.06  0.63±0.08  H(5,162)=6.92  0.2268 
mIPSC amp. (pA)  -55.15±4.28  -62.78±3.82  -62.4±4.83  -77.56±4.51  -50.61±4.23  -54.62±5.15  H(5,239)=25.42  0.0001 
mIPSC charge (fC)  -1024±83.57  -1187±97.22  -1231±136.4  -1529±110.5  -938.6±103.6  -896.5±114.3  H(5,240)=23.81  0.0002 
mIPSC freq. (Hz)  1.443±0.33  1.971±0.35  1.43±0.46  1.171±0.17  1.403±0.32  1.177±0.33  H(5,261)=6.82  0.2343 
#RRP vesicles  2740±450.7  3875±693.5  3163±611.7  5988±716.1  2963±451.9  2837±388.6  H(5,152)=17.84  0.0032 






Figure  4-1.  Descriptive  statistics  and  pairwise  comparisons  between  groups  for     
Figure 4 plots A-D (A) and plots E-L (B). Data shown as mean ± SEM. For statistics: H     
refers  to Kruskal-Wallis  test, U  refers  to Mann-Whitney  test  and t  refers  to Student’s  t     
test.     
     




Soma size (μm2)  92.66±5.47  168.1±9.21  108.6±11.42  122.9±6.80  H(3,148)= 39.84  <0.0001 
VGAT synapses  127.6±14  238.5±20.03  103.8±14.7  120.3±10.72  H(3,144)=30.45  <0.0001 
Dendritic length (μm) 714.3±62.08  1251±93.45  762.5±89.26  783.7±73.33  H(3,151)=25.2  <0.0001 
     
     
B  Control  BDNF  Statistics*  P-value 
IPSC amp. (nA)  -6.84±0.63  -5.89±0.63  U=3818  0.0126 
RRP charge (nC)  -3.13±0.29  -2.47±0.17  U=4143  0.0921 
Pvr (%)  13.19±1.03  10.74±0.81  U=3725  0.0081 
PPR (50ms)  0.72±0.04  0.79±0.04  U=4049  0.2182 
mIPSC amp. (pA)  -50.12±2.87  -39.27±1.88  U=3190  0.0009 
mIPSC charge (fC)  -823.9±55.53  -660±37.47  U=3462  0.0132 
mIPSC freq. (Hz)  1.55±0.26  1.79±0.19  U=3769  0.05 
# RRP vesicles  4663±464.7  4542±327.6  U=4724  0.9248 
Cm (pF)  17.78±1.06  21.69±0.90  U=3511  0.0005 















IPSC amp. (nA)  -5.21±0.89  -10.38±1.23  -5.55±0.87  -7.73±1.47  H(3,169)=12.72  0.0053 
RRP charge (nC)  -2.29±0.26  -4.58±0.37  -1.77±0.16  -2.74±0.38  H(3,155)=38.67  <0.0001 
Pvr (%)  10.68±1.1  8.36±0.77  14.07±1.44  12.92±2.29  H(3,152)=9.95  0.019 
PPR (50ms)  1.03±0.10  0.95±0.09  0.10±0.13  0.96±0.12  H(3,168)=1.50  0.6829 
mIPSC amp. (pA)  -42.96±2.58  -66.59±4.64  -37.71±3.62  -46.82±3.55  H(3,203)=26.46  <0.0001 
mIPSC charge (fC)  -728.6±60.4  -1182±82.97  -596.2±53.31  -866±72.94  H(3,202)=26.66  <0.0001 
mIPSC freq. (Hz)  1.89±0.24  1.21±0.18  1.42±0.23  1.32±0.22  H(3,210)=11.55  0.0091 
# RRP vesicles  3364±452.8  5846±605.6  3147±321.2  4136±724.9  H(3,149)=13.68  0.0034 









VGAT synapses  216.9±18.41  498.5±63.2  197.7±22.99  269.3±30.89  H(3,130)= 12.7  0.0053 
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